Introduction
Human viral gastroenteritis is aetiologicaIIy linked to rotaviruses, adenoviruses and a variety of small round viruses. Amongst the latter group, viruses possessing a reproducible typical surface morphology (astroviruses and caliciviruses) have been identified by electron microscopy (EM). These two groups play a relatively minor role in symptomatic human disease. The remaining small round viruses constitute a large and important group. They possess an amorphous surface structure, a ragged ill-defined edge and measure about 32 to 38 nm in diameter. Various geographical names have been used to describe these morphologically ill-defined particles including Norwalk, Hawaii, Snow Mountain, Taunton and Montgomery County (Caul, 1988) and mini-reovirus-like particles. The difficulty in classifying these viruses prompted their interim classification as small round-structured viruses (SRSVs) (Caul & Appleton, 1982) . They all show common morphological and
The nucleotide sequence data reported in this paper have been submitted to the EMBL/GenBank databases and assigned the accession number X76716. biophysical markers and are generally accepted as members of the Caliciviridae despite lacking the characteristic cup-shaped surface morphology of classical human and animal caliciviruses e.g. San Miguel sealion virus, feline calicivirus and rabbit haemorrhagic disease virus. SRSVs are an important cause of epidemics of non-bacterial gastroenteritis in both children and adults (Kapikian & Chanock, 1990) .
The molecular characterization of these viruses has been greatly hindered by their failure to grow in cell culture, the lack of an animal model and the small amounts of virus shed in faeces. Routine diagnosis of SRSV infection is achieved by identification of virus particles in stool by EM which is time consuming and relatively insensitive. Using immunoelectron microscopy, SRSVs have been subdivided into at least four antigenic types (Okada et al., 1990; Lewis, 1991 ; Lambden et al., 1993; Caul, 1994) .
The classification of SRSVs as members of the Caliciviridae was confirmed when the sizes and positions of the predicted open reading frames (ORFs) of a recent U.K. isolate, the Southampton virus (Lambden et al., 1993) , were found to be similar to those of the feline calicivirus (Carter et al., 1992 
Methods
Viruses. Faecal samples were obtained from U.K. outbreaks of gastroenteritis involving adults between 1989 and 1993 in which the diagnosis of SRSV infection was on the basis of immunoelectron microscopic identification. Faecal samples from the outbreaks were designated B351 (Burton-upon-Trent, Staffordshire, 1989 ), B404 (Bath, Avon, 1991 ), B442 (Plymouth, Devon, 1991 , B447 (Bracknell, Berkshire, 1992) , B469 (Carmarthen, Dyfed, 1992) , B453 (Salisbury, Wiltshire, 1992) , B493 (Bristol, Avon, 1993 ), S004 (Southampton, Hampshire, 1992 , S006 (Andover, Hampshire, 1993) and S009 (Southampton, Hampshire, 1993) . These were identified as SRSVpositive and antigenically typed by solid-phase immunoelectronmicroscopy (SPIEM). The complete sequence of Southampton virus has already been described (Lambden et al., 1993) .
SPIEM. Faecal samples were stored at 4 °C after collection. Each sample was prepared as an approximately 5 % emulsion in a serum-free minimal essential medium. This emulsion was clarified by centrifugation at 1500g for 10min. SRSVs were selectively captured onto Formvar-coated EM grids that had been lightly coated with carbon. The selective virus capture was provided by coating the grids with antihuman IgG followed by human late-convalescent serum at suitable dilutions as determined by chessboard titration. In order to obtain specific antigenic typing results the human convalescent antiserum used as the capturing antibody had a high titre (titre > 1:16000 as determined by SPIEM) to its homologous SRSV antigenic type. The virus was captured onto this antibody-coated grid by floating the grid on a drop of clarified faecal emulsion for 2 h. Finally the grids were stained with 1.5% phosphotungstic acid and examined by EM. Extensive washing with distilled water was carried out between each stage of the procedure.
RNA extraction and cDNA synthesis. RNA was isolated from 200 lal of a 50 % (w/v) aqueous faecal suspension. For liquid stools, 200 121 was used directly. Samples were extracted with 1,1,2-trichloro-l,2,2-trifluoroethane (1 : 1) before extraction with 500 121 RNazol (Biogenesis) plus 100 ~1 chloroform. To the aqueous phase (400 ~1) 5 M-NaC1 and 12.5 % (w/v) CTAB were added to give final concentrations of 0.5 M and 1-25 %, respectively. After incubation at 56 °C for 30 min the RNA was purified by adsorption to silica particles (RNaid; Biol01). Singlestranded cDNA was synthesized from random hexanucleotide (500 ng) or oligo(dT)20 (100 ng) primers using Moloney murine leukaemia reverse transcriptase (Superscript; Gibco BRL). RNA was removed from the resulting DNA:RNA hybrids by RNase H treatment. Unincorporated primers and nucleotides were removed using Sephacryl S-400 spun columns (Promega).
cDNA library construction, cDNA libraries were constructed using a mixture of cDNA prepared using random and oligo(dT)12_~s primers. Double-stranded cDNA was prepared using the BRL cDNA Synthesis System kit according to the supplier's instructions, The cDNA was treated with T4 DNA polymerase and T4 polynucleotide kinase before the ligation of EcoRI adaptors (30 pmol). The adapted cDNA was treated with kinase and ligated to 0.5 12g 2GEM2 arms, packaged using the Promega Packagene System and used to infect Escherichia coli host strain LE392. Plaque lifts were prepared using Hybond-N membranes (Amersham) and probed using 32P-labelled PCR products.
Primers. Oligonucleotide primers were synthesized using an Applied Biosystems 38 IA automated synthesizer.
The nucleotide coordinates of primer binding sites are given for the
Southampton virus. The binding sites of Primer 1 (5'471sGG(G / C/A)CT(G/C/A)CCATCTGG(A/T)TT(G/C)CC4737) and Primer 2
(5'48~TAATCTCATCATCACCATA4ss0) are within the viral RNA polymerase ORF and encompass regions coding for conserved RNA potymerase amino acid motifs. Primer 1 codes for GLPSG which is present in Southampton virus, Norwalk virus, feline calicivirus (Neill, 1990) and rabbit haemorrhagic disease virus (Meyers et al., 1991) . Primer 1 is also a degenerate primer containing every combination of nucleotides found in Southampton virus, Norwalk virus and the outbreak B469 isolate for which the sequence spanning the GLPSG coding region was known. The Primer 2 binding site encodes the highly conserved YGDD motif that is present in the RNA polymerases of many positive-strand RNA viruses (Kamer & Argos, 1984) . Primer 3 (5'3906CCAAATTCTGGAAATCATCC3925) binds upstream of the proposed Southampton virus RNA polymerase region.
PCR. Typically, a 50121 reaction was prepared containing 5 121 cDNA, 5 121 10 x PCR buffer (100 mM-Tri~HC1 pH 9.0, 500 mM-KC1, 15 mM-MgC1 z, 0.1% Triton X-100), 250 ng of each primer, 200 la~-dNTPs and 2-5 U Taq DNA polymerase. A negative control in which distilled water was substituted for cDNA was included in all sets of PCRs. PCRs were performed in a Perkin Elmer Cetus 9600 thermocycler using 35 cycles of 94 °C for 15 s, 45 °C for 20 s and 72 °C for an estimated extension time of 60 s for each 1 kb of expected product.
Sequencing. PCR fragments were cloned into SmaI-linearized and dephosphorylated MI3 mp8. Single-stranded recombinant M13 templates were sequenced with universal primer using Taq dyedeoxy terminator cycle sequencing or PRISM T7 terminator sequencing (Applied Biosystems). PCR fragments were purified using Magic PCR Preps (Promega) and sequenced using Taq dyedeoxy terminator cycle sequencing. Sequence data were collected using an Applied Biosystems 373A automated sequencer. Computer analysis of DNA and protein sequences was performed using the DNASTAR LaserGene programs. Sequence alignments were performed using the CLUSTAL V program (Higgins et al., 1992) .
Results
Sequence variation within the RNA-dependent RNA polymerase defines two SBSV groups cDNA was prepared from faecal samples from 10 recent U.K. outbreaks of gastroenteritis attributed to SRSVs. The outbreak isolates were antigenically typed by SPIEM and assigned to antigenic types 2, 3 or 4 (Fig. 1 a) . Antigenic type 2 has replaced type 3 as the prevalent antigenic type since 1992 in the West of England region surveyed by the Bristol Public Health Laboratory Service. Since 1989, antigenic type 4 has been seen in a single outbreak only in 1992 (Caul, 1994) .
PCR using Primer 1 and Primer 2 generated 150 bp products from samples from each outbreak. The nucleotide sequences of the RNA polymerase fragments were obtained from multiple M 13 clones and verified by direct sequencing of PCR amplicons using Primer 2, The nucleotide sequences obtained from additional samples within the same outbreak were identical. The RNA (a) Outbreak Antigenic type 
B351 (4) Group II Carter et aL, 1992) constructed using the CLUSTAL method (Higgins et al., 1992) . Outbreak antigenic types are given in parentheses and the two SRSV groups are indicated.
polymerase regions from the antigenic type 3 SRSVs from different outbreaks show amino acid sequence variation (91.9 to 100 % identity with the antigenic type 3 Southampton virus). However, the translated sequences from the antigenic type 2 SRSVs from different outbreaks were identical in this region, but different from that of Southampton virus (78.4 % identity) (Fig. 1 a) . The single antigenic type 4 sample (B351) showed greatest divergence from the Southampton virus (75"7 % identity). Construction of a dendrogram from the amino acid sequences shown in Fig. 1 (a) revealed that the RNA polymerase ORF sequence fragments were divided into two discrete groups (I and II) dependent upon antigenic type (Fig. 1 b) . Group I contained the antigenic type 3 samples including Southampton virus, together with the antigenic type 1 Norwalk virus. Group II contained the antigenic type 2 and type 4 samples. It was of interest to determine whether the sequence diversity observed over a small region of the RNA polymerase gene of a group II virus would also be observed in the capsid region of the genome. One antigenic type 2 sample from group II (B493, the 'Bristol virus') was selected for characterization of the complete RNA polymerase and the downstream sequences presumed to encode the major structural protein.
Amplification and sequencing of Bristol virus cDNA
In order to obtain cloned Bristol virus cDNA for the region downstream of the RNA polymerase, a cDNA library constructed in 2GEM2 was probed using a 1 kb PCR fragment generated with Primer 2 and Primer 3. A 2GEM2 clone (2BV4) was obtained with a 1650bp insert. A PCR of Bristol virus cDNA using a primer derived from the 3' end of the 2BV4 insert to the Bristol virus poly(A) tail (using primer NVT2~ ) generated a 2 kb product. The nucleotide sequence obtained from an M 13 library of this product digested with HaeIII was used to build Bristol virus-specific primers. The region of the Bristol virus genome from Primer 3 to the 3' end was sequenced from overlapping PCR fragments generated using 31 primers derived from Bristol virus and other SRSV sequences. A fragment of 3881 nucleotides was obtained (93% of the sequence determined for both strands by direct sequence analysis of PCR amplicons), excluding the poly(A) tail. UGG) (Kozak, 1991) . A computer-predicted ORF4 overlapping ORF2 and ORF3 in Southampton virus was not detected in Bristol virus. Bristol virus ORFlpo~ (475 amino acids), ORF2 (539 amino acids) and ORF3 (268 amino acids) were aligned with the equivalent coding regions of Southampton virus and Norwalk virus (Fig. 2 to 4) . The percentage amino acid and nucleotide identities of these coding regions (Table 1) show that Bristol virus differs significantly from Southampton and Norwalk viruses which are more closely related to each other (91.6%, 69.3 % and 71.8 % amino acid identity for ORFlvo ~, ORF2 and ORF3, respectively). In addition, the Bristol virus ORFs have little similarity with those of feline calicivirus (Table 1) .
Analysis of the Bristol virus ORFs
The putative SRSV capsid proteins show greatest similarity in a region (Bristol virus residues 12 to 288, Fig. 3 ) analogous to the conserved B region in animal calicivirus capsids (Neill, 1990) . Following this is a more variable region (Bristol virus residues 289 to 449, Fig. 3 ) containing amino acid substitutions together with apparent insertions and deletions. This region may have a role in the different seroreactivities of these SRSVs. The predicted ORF3 product of Bristol virus is 57 and 56 amino acids larger than those of Southampton virus and Norwalk virus respectively, and shares very little sequence similarity with them (Fig. 4) . 
Discussion
Selection of the Bristol virus SRSV for analysis of the 3' end of the genome was based on the following criteria. (i) SPIEM using human convalescent sera showed that Bristol virus is antigenically distinct from the Southampton virus and Norwalk virus. This was confirmed by the very low level of identity (about 43%) between the proposed capsid sequences of Bristol virus and the other two distinct SRSVs.
(ii) Comparison of a region of the RNA polymerase from many SRSV outbreak isolates suggested two SRSV groups. Bristol virus was selected as a member of group II from which no SRSVs had been previously characterized. It was also a relatively large clinical sample containing a high concentration of virus particles (about 10n/ml). Group I contained outbreaks of the antigenic type 3 virus that exhibited sequence variation within the RNA polymerase region of the non-structural polyprotein. The sequences of the equivalent RNA polymerase regions of two UK2 (equivalent to antigenic type 1 using our scheme) isolates reported by Green et al. (1993) and the UK2 Middlesborough virus (Willcocks et al., 1993) place these viruses within group I which also contains the prototype antigenic type I Norwalk virus. The antigenic type 2 viruses (including Bristol virus) within group II showed high conservation within the RNA polymerase region. Sequencing of three additional antigenic type 2 isolates ($004, $006 and S009) has revealed that this sequence conservation is maintained at over 99% identity outside the 150 bp PCR amplicon (unpublished observations).
The nucleotide sequence of the Y-terminal 3881 nucleotides of Bristol virus was determined; this region encodes the putative RNA polymerase, capsid precursor ORF2 and ORF3. The sizes and locations of the predicted Bristol virus ORFs are similar to those of Southampton virus and Norwalk virus, but their amino acid sequences (particularly those of ORF2 and ORF3) are very different (Table 1) . Southampton virus and Norwalk virus have very similar genome organizations. In these viruses, ORF1 and ORF3 are in the same reading frame. This is a result of a 17 nt overlap from the first AUG codon of ORF2 to the stop codon of ORF1 creating a -2 frameshift and a 1 nucleotide overlap between the ORF2 stop and ORF3 start codons creating a -1 frameshift. Bristol virus has the same overall organization, although the overlap between the first AUG codon of ORF2 and the ORF1 stop codon is larger (20 nucleotides). The Bristol virus ORF2/3 junction is identical to that of Southampton virus and Norwalk virus. Hence genome organization appears to be conserved between group I and II SRSVs. In contrast, feline calicivirus has a -1 frameshift at both the ORF1/2 and ORF2/3 junctions with the result that all three ORFs are in different reading frames. It has been reported (Cubitt et al., 1993) that, on the basis of RNA polymerase sequence, the morphologically classical human caliciviruses fall into a second definitive group along with other SRSVs and that this group is distinct from group I (containing Southampton virus and Norwalk virus). However, our data clearly show that the genome organization of the group II SRSVs is identical to group I and is distinct from the typical calicivirus genome organization in which there is different reading frame usage and a shorter third ORF.
The mechanism of SRSV capsid expression is not known. The feline calicivirus capsid appears to be expressed from subgenomic RNA transcripts initiating 17 to 18 nucleotides upstream from the ORF2 AUG codon (Neill et al., 1991) . Comparison of sequence upstream of the SRSV and feline calicivirus ORF2s did not reveal any conserved motifs that could direct transcription of subgenomic RNAs (data not shown), such as the sequence UCUAAAC in the intergenic regions of coronaviruses (Lai, 1990) .
The role of the calicivirus ORF3 is uncertain. Neill et al. (1991) have proposed that the ORF3 of feline calicivirus may be involved in RNA binding and that expression could involve a -1 ribosome frameshift mediated by a stem-loop structure downstream of the ORF3 AUG codon. Although there is a -1 frameshift between the ORF2 and ORF3 of Bristol virus, Southampton virus and Norwalk virus, their downstream regions do not appear capable of forming an equivalent stem-loop structure. The Bristol virus ORF3, in common with those of Southampton virus, Norwalk virus and the animal caliciviruses, codes for a basic protein (predicted pI of 10.7) that could have a role in nucleic acid binding.
We have shown that, on the basis of RNA polymerase gene nucleotide sequence in conjunction with SPIEM, the morphologically indistinguishable SRSVs can be subdivided into at least two distinct groups. Molecular characterization of more viruses from SRSV groups I and II together with classical human caliciviruses is essential to establish the extent of genome variation within the human Caliciviridae. When further sequence information becomes available, a meaningful and comprehensive system of SRSV genotyping that is likely to differentiate SRSVs from the morphologically classical human caliciviruses will be possible.
This study was funded by a grant from the Department of Health, London, U.K.
